Lhca4 is one of the peripheral antennae of higher plant photosystem I and it is characterized by the presence of chlorophyll a with absorption and emission bands around 30 nm red-shifted compared to those of the other chlorophylls associated with plant complexes. In this work we have investigated the origin of this red shift by using the recent structure of Lhca4 (Qin et al., Science, 2015, 348, 989) to build an exciton model that includes a charge-transfer (CT) state mixed with the excited-state manifold.
Introduction
Photosystem I (PSI) is one of the two multi-pigment-protein complexes responsible for the first steps of oxygenic photosynthesis. [1] [2] [3] In plants PSI is composed of a core complex, containing about 100 chlorophylls (Chls) including the reaction center, where charge separation occurs, and an outer antenna (LHCI), composed of 4 subunits (Lhca1-4) assembled on one side of the PSI-core 4 in the form of two heterodimers, Lhca1-4 and Lhca2-3. 5 Lhcas belong to the light-harvesting complex multigenic family 6 and the recent crystal structures show that they share a very similar folding and coordinate 13-15 Chls (a and b) and 3-4 carotenoids each in highly conserved binding sites. 7, 8 However, their spectroscopic properties are largely different. 2 A typical feature of PSI is the presence of Chls that absorb/ emit at an energy lower than the reaction center. 9, 10 These Chls extend the absorption of the complex to the far red, but they also slow down the transfer of excitation energy to the reaction center 9, [11] [12] [13] as energy migration needs to be thermally activated. 14 In plants the most red forms (spectral components shifted to the red from the main absorption) are associated with the Lhca subunits 15 and in particular with Lhca3 and Lhca4. [16] [17] [18] In addition to a red-shifted spectrum, the red forms have peculiar properties. The Huang-Rhys factor for the red Chls of LHCI (S = 2.9) is at least three times larger than that for the bulk Chls. 19 This observation has led to the suggestion that the red spectral forms originate from a mixing between the excited and charge transfer (CT) states within tightly packed Chl dimers.
19-21
The red-most emission (with fluorescence (FL) peaking at B730 nm) originates from the Lhca4 subunit. Mutations affecting the ChlA4, A5 and B5 sites (or a602, a603, a609 in the notation of Qin et al. 7 that will be used in this work) result in the disappearance of the broad 730 nm FL peak (together with the 710 nm shoulder present in absorption) and produce a narrow FL band peaking at 685 nm. 22, 23 Therefore, it was concluded that the red spectral forms are determined by interactions within the strongly coupled cluster a602-a603-a609, and predominantly between the a603 and a609 Chls. 22, 23 It was also shown that the absorption of the red forms can be tuned by changes in the protein environment close to these interacting Chls. 22, 24 The substitution of the natural ligand of Chl 603, Asn by His (in the following indicated as the NH mutant), showed that, although the new residue was still able to coordinate the Chl, the red absorption largely disappeared. 22 More detailed studies of the red spectral forms (including FL line-narrowing) revealed a dramatic difference in homogeneous and inhomogeneous broadening and in reorganization energy between the wild-type (WT) Lhca4 and the NH mutant. 20 This has supported the idea that the red form originates from the mixing of low energy excitonic transitions with a CT state.
The availability of the high resolution structure of Lhca4 7, 8 opens the way to perform a quantitative modeling of the spectral properties of the WT Lhca4 and the NH mutant and to explore the mixing of exciton and CT states. Here we present an exciton model of Lhca4 obtained by extracting the site energies of the pigments (Chls a and b) from a simultaneous fit of the absorption (OD), linear dichroism (LD), Stark absorption (SA), and FL spectra at 77 K. Comparing the spectra of the WT and NH mutant we assign the origin of the CT state and define its parameters and the degree of mixing with the excited states. We conclude that the mixing of exciton and CT states has been used to control the spectral properties of plant LHCs by precisely modulating the positions and protein environments of the chlorophylls.
The model
The structural model of Lhca4 from the study of Qin et al.
7
is shown in Fig. 1 . According to structural data 7 the Lhca4 complex contains 15 Chls when assembled as a hetero-dimer and associated with the PSI core. However, there is convincing evidence that the reconstituted complex used in our experiments, which is a monomer, does not contain some of the pigments, namely Chl 601, 617, and 618. Chl 601 is located at the periphery of the complex and it seems to be present in Lhc trimers 25 and dimers, 7, 8 but not in monomers. 26 Chl 618 is located at the interface between the two monomers in the Lhca1-Lhca4 heterodimer and it is thus very likely absent in the Lhca4 monomer. The same is true for Chl 617, which in the structure is coordinated to H99. Indeed, the mutation at this residue did not lead to a loss of Chls, indicating that this Chl is not present in the monomer 24 and that its binding is probably stabilized by the dimerization. In our modeling we have used the full 15-state model of the complex, as well as the 12-state model of reconstituted Lhca4, containing 9 Chls a (602-604, 609-614) and 3 Chls b (606-608) based on the results of mutation analysis. 23 We also include a charge-transfer (CT) state corresponding to a charge separation between two Chls a, i.e. a603 and a609. In order to check this assignment and to explore the properties of the CT state we perform a quantitative structure-based modeling of the steadystate spectra (including SA) of the WT Lhca4 and NH mutant in which the ligand for Chl a603 is substituted. 22 In the mutant the Chl a603 is still present, but the two interacting Chls in the a603-609 dimer are expected to be in a different geometry, thus breaking the formation of the hypothesized CT state. Exciton couplings have been calculated from the structural data in the point-dipole approximation supposing that the dipoles of the Chl Q y transitions are directed from N B to N D atoms and the distance between the dipoles is equal to the distance between the Mg atoms of the two Chls. The same approach was used in our modeling of the LHCII complex. 27 Couplings calculated for LHCII using more sophisticated methods [28] [29] [30] [31] showed a good correlation with our earlier model, 27 as was pointed out by Müh et al. 29 We conclude that the point dipole approximation can be used as a first step in modeling of the Lhca4 complex whose structure is very similar to that of LHCII. 32 The effective transition dipole moments are supposed to be 4 and 3.4 Debye (D) for Chls a and b, respectively (see ESI †). The static dipole moments of Chls a and b are supposed to be parallel to the corresponding transition dipoles. Their values are taken from the SA data for the photosystem II reaction center (PSII-RC) 33 and LHCII 34 and adjusted from the fit of the SA spectra of Lhca4, giving the values of 1 and 2.8 D for Chls a and b, respectively. The formation of the CT state can occur within a tightly packed pair of Chls. The best candidate is the a603-609 dimer with shortest pigment-pigment spacing (in the Chls a region). In addition, the red spectral forms (reflecting a mixing with the CT state) are changed dramatically upon mutation affecting the environment of these two Chls. Therefore, we propose that the CT state corresponds to a charge separation within the a603-609 dimer. Coupling of the a603 and a609 sites to the CT state necessary to explain the observed spectral features is 150 cm À1 , as estimated from the best fit of the spectra (see the detailed discussion in the ESI †). The diabatic CT state (i.e. the CT state in the absence of coupling to the excited states) is dipole forbidden. The static dipole moment for the CT state is directed from the a603 to the a609 pigment and equals to 20 D (this value is based on our estimate for the PSII-RC 35 and adjusted from the fit of the Lhca4 SA). The transition dipole moment S 1 -S 2 corresponding to a double excitation of the pigment (that should be taken into account when calculating the SA signal 35, 36 ) is 0.7 of the S 0 -S 1 transition dipole. This value is based on modeling of nonlinear responses for LHCII 27 and adjusted from the fit of the Lhca4 SA (see ESI †). No excitedstate absorption from the CT state is included. The unperturbed site energies of the 12 pigments and the energy of the CT state in monomeric Lhca4 have been extracted from a simultaneous quantitative fit of the OD, LD, FL, and SA spectra at 77 K both for the WT complex and the NH mutant. In the NH mutant the CT is absent, whereas the a603 and a609 sites are supposed to be blue shifted (due to the mutation) by 250 and 200 cm À1 , respectively, as compared to the position of the a603 and a609 diabatic states in the WT. 22 Other site energies in the NH mutant are taken to be the same as those in the WT complex. An evolutionary based search has led us to several plausible sets of site energies. The spectra are fitted using the modified Redfield theory in the pure exciton basis, supposing an exciton-type mixing between the CT and the excited states. 35 Expressions needed to calculate the OD, LD, FL, and SA spectra are given in the ESI. † For modeling of Lhca4 we have taken the same spectral density (Brownian oscillator) as for LHCII 37 with some adjustment of the damping constant g 0 and coupling strength l 0 for the overdamped part and the total Huang-Rhys S factor for the 48 high-frequency vibrations (the S factor has been adjusted by uniform scaling of all the couplings to vibrations l j , where j = 1-48). For Chls a the thus adjusted values are: g 0 = 40 cm À1 , l 0 = 200 cm À1 , and S = 0.84. We suppose that the shape of the electron-phonon spectral density is the same for Chls a, Chls b, and CT states, but the couplings (l 0 , l j ) are different. From the fit of the spectra we have found that the l 0 and l j values determined for Chls a should be multiplied by 0.8, and 3.2 for Chls b, and CT states, respectively. Coupling to slow conformations of the complex is accounted for using the model of the static disorder, implying uncorrelated random shifts of the site energies described by a Gaussian distribution with a width of s (FWHM). The disorder values for the Chls a, Chls b, and CT states determined from the fit are s = 96, 67, and 144 cm À1 for Chls a, Chls b, and CT states, respectively.
Results
The exciton couplings between the 12 pigments are listed in Table 1 . They are very similar to the couplings calculated with the same approximations for the LHCII complex, 38 which is expected based on the very similar pigment organization of the two complexes. 7, 8, 32 At the stromal side there are two Chl a clusters, i.e. strongly coupled a602-603-609 and a610-611-612 trimers (the corresponding interaction energies are shown in bold in Table 1 ), and one Chl b, i.e. b608. Couplings between this Chl b and the two Chl a clusters are strong enough (italicized bold in Table 1 ), so that fast (sub-ps) b -a conversion is expected at the stromal side of the Lhca4 complex. The only essential difference with LHCII is the different identity of the 609 pigment which is Chl a in Lhca4. Thus, instead of the a602-603 dimer we now have the a602-603-609 trimer in the a-region. At the luminal side there is one Chl a dimer,
i.e. a613-614 (with strong coupling shown in bold in Table 1 ) and one heterotrimer a604-b606-b607. Strong coupling within this trimer (as shown in Table 1 ) determines fast conversion from the b-region to the a604 site. Couplings between these two luminal-side clusters are weak as well as their couplings to the stromal side pigments (corresponding to slow ps migration). The character of the exciton mixing between the pigments is determined not only by the pigment-pigment couplings, but also strongly dependent on the site energies (including the spread of the unperturbed energies plus additional random shifts induced by the disorder). The search of the best fit of the data has led us to several sets of site energies listed in Table 2 . In all these sets the a604 pigment is in the middle region between the b-and a-bands. In the a-region the red-most sites are a603 and a613, in contrast to LHCII, where the a610-611-612 sites are the red-most ones.
An example of a simultaneous fit of the 8 spectra is shown in Fig. 2 . The measured spectra display at least five essential features present in the WT spectra and disappearing in the NH mutant, which can be considered as signatures of the CT state. The WT spectra display (i) a red shoulder in OD (at 690-720 nm), (ii) a shoulder in the LD in the same region, (iii) anomalously big Stokes shift of the FL (to 730 nm), (iv) anomalous broadening of the FL profile, and (v) three intense red peaks of the SA (in the 680-740 nm region). In the NH mutant the red shoulder in OD and LD disappears, the FL peak becomes narrow and moves to the 'normal' position near 680 nm, and the three red peaks of the SA disappear (or at least are significantly reduced and modified).
The model assuming the presence of the a603-609 CT state and implying an exciton-type mixing of this CT state with the excited-state manifold allows a consistent explanation of the observed spectra, including the most important differences between the WT and NH samples. The red shoulder in OD, and broadening and red-shifting of the FL for the WT are reproduced at a quantitative level. In order to reproduce the weak 690 nm peak in the WT FL we suppose that some subpopulation (about 8%) of the WT complexes does not mix with the CT state. This assumption is in agreement with the character of the FL peak fluctuations observed for a single Lhca4 complex. 40 The main peaks of the SA signal are reproduced as well, but it is difficult to reproduce the amplitude of the red-most ) for the Lhca4 complex, calculated in the dipole-dipole approximation using the structural data. 7 The effective transition dipoles for Chls a and Chls b are taken to be 4 and 3. 
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730 nm peak in the WT and the 700 nm peak in the NH spectrum. Notice that the normal 'excitonic' SA spectrum (without CT) should not contain any components in the red 690-730 nm region (as displayed by the calculated profile in Fig. 2 ). One can hypothesize that the red forms still present in NH may contain some CT state around 700 nm that is almost invisible in OD, but that gives a small shoulder in the FL and sizable contribution to the red region of the SA profile. For instance, one can suppose that some part of NH complexes still contains some charge separation within the a603-609 dimer, but this CT state is 3-5 times more weakly coupled to the excited states of the a603 and a609 pigments. Preliminary calculations show that such a model gives an additional 700 nm shoulder in FL and increases the Stark amplitude in the 680-700 nm region. Interestingly, similar features have been observed in the Stark fluorescence (SF) data for this mutant. 39 The LD spectrum is satisfactorily reproduced in the absence of CT (i.e. for the NH mutant), but the WT LD contains a huge red tail that cannot be explained by our current model. Some borrowing of dipole strength by CT (needed to reproduce the a Configurations with an improved fit of the WT LD. The spectra are normalized to unity. Modeling is based on the high-resolution structure of Lhca4 and modified Redfield theory in a pure exciton basis. The exciton model includes 12 pigments (15 pigments from the structural data except 601, 617, and 618) and one CT state (corresponding to charge transfer between the 603 and 609 pigments). The site energies correspond to the E2 set from Table 2 .
amplitude of the red sub-band of OD at 690-720 nm) produces only a very weak red shoulder in the calculated LD. Trying to improve the fit of the red wing of the WT LD we always destroy the shape of the FL profiles. In principle, it is possible to shift a613 to the red (see configurations E5-7 in Table 2 ), producing a more localized state that contributes to the red tail of the LD together with the CT state (as shown in Fig. 3 ). But in the NH mutant (where CT disappears) this contribution remains, leading to a red shift of FL, and some extra red-tail in OD and LD (Fig. 3) . Most probably the discrepancies in the LD fit are connected with the simplified character of the exciton-CT mixing in our model (see Discussion). Besides the 12-state model described above we have also checked models including more pigments. We have found that including the extra pigments does not improve the fit. A decent quality of the fit can be obtained with the model that includes the Chl a617 pigment. Including all the three sites a601, a617, and b618 further decreases the quality of the fit.
Notice that a617 is located close to the a603-609 dimer, but there is no strong exciton mixing between them (interaction energies with a603 and a609 in the dipole-dipole approximation are 11 and 37 cm À1 , respectively). As a result, the presence of a617 does not change significantly the exciton structure in the red region, in particular it does not improve the fit of the red tail of the LD. On the other hand, the center-to-center distance between a617 and a609 (1.02 nm) is comparable with the intradimer a603-609 spacing (0.89 nm), possibly allowing for the presence of one additional CT state, i.e. with a charge separation between the a617 and a609. Although the a617 pigment is not present in monomeric complexes used in this study, it can be present in dimeric complexes (Lhca4-Lhca1), where it might contribute to the red spectral forms due to the formation of additional CT states. 20 Knowledge of the site energies extracted from the fit makes it possible to explore the structure of the exciton and mixed exciton-CT states of the Lhca4 complex. Here we will do this using the site energies corresponding to the E2 set from Table 2 . In Fig. 4 we show the calculated OD spectrum averaged over disorder together with its 13 exciton components (emerging from mixing of the 12 excited states and one CT state). For each of these exciton components we show a distribution of the dipole strengths calculated for 2500 realizations of the disorder. The dipole strengths are shown as a function of the wavelength of the pure electronic zero-phonon transitions (for each exciton level in every realization of the disorder). Note that the zero-phonon lines (ZPLs) (i.e. spectral components corresponding to zero-phonon transitions) are shifted to the red with respect to the absorption maxima of the exciton components. For each realization we count the exciton states in increasing order of energy, i.e. from k = 1 to 13. Participation of the pigments in these states (averaged over disorder) is shown in Fig. 5 . Notice that the pigments can contribute differently to certain exciton states for different realizations, so that the participation of many pigments in any state k does not always reflect a delocalization, but may contain statistical averaging (meaning that the k-th state can be localized at different pigments for different realizations of the disorder).
The lowest k = 1 state (shown by red in Fig. 4 and 5 ) is determined by the CT state mixed with a603 and (to less extend) Fig. 3 The same as in Fig. 2 , but with the site energies corresponding to the E6 set from Table 2 . . This means that the CT state is really strongly mixed with the a603-609 dimer borrowing on average 44% of its total dipole strength. The second state (k = 2, yellow) is predominantly localized on a613. The next state (k = 3, green) may contain (depending on the realization of the disorder) contributions from a613 or a602. The k = 4 state (cyan) is mostly determined by a602. Notice that depending on the disorder the a602 and a613 sites can be coherently mixed with a603 and a614, respectively. It means that the k = 2-4 states can be localized (at a613 or a602), but also may contain contributions from delocalized configurations. That is why these states are characterized by a big spread of dipole strengths, i.e. varying from 8 to 36 D 2 in different realizations as shown in Fig. 4 . A similar (or even bigger) spread of dipole strengths is observed for the next set of states (i.e. k = 5-7 states shown in magenta, blue, and red) that are determined by the delocalized lower exciton state of the a610-611-612 trimer. These delocalized contributions are statistically superimposed with more localized states, corresponding to the higher exciton level of the a613-614 dimer (predominantly localized at a614), and with the monomeric a604 state. The next group of states (k = 8-10, shown in yellow, green and cyan) corresponds to the higher exciton levels of the stromal-side Chl a clusters, i.e. the a610-611-612 trimer and the higher level of the a602-603-609 trimer, localized at a609. In contrast to the superradiant lower states of these clusters, the higher states are weakly allowed (with a dipole strength of less than 5 D 2 in most of the realizations).
The higher states k = 11-13 are determined by the three b-sites, i.e. a monomeric b608 on the stromal side (k = 11, magenta), and the luminal-side dimer b606-607 (k = 12-13 states, shown in blue and red). The energy difference between the b606 and b607 is comparable with the disorder value, meaning that in realization with a big energy gap the excited states can be localized, thus giving dipole strengths close to the monomeric value (i.e. 10.2 D 2 for Chl b). In realization with a small gap between the two sites we obtain delocalization within the b606-607 dimer with the weakly allowed k = 12 and superradiant k = 13 state (with dipole strengths around 20 D 2 in the 640-650 region).
More information about contributions of the pigments to the exciton states can be obtained by calculating the density of exciton states D k together with the distribution of the pigment participations D n (see ESI †). Distribution D n shows the participation of the n-th pigment to the exciton states (summed over all states) as a function of the excited-state energy. This function defined in ref. 41 was originally denoted as 'the exciton state pigment distribution'. Fig. 6a shows the participation of the diabatic states from the strongly coupled block a602-603-609-CT that includes three excited states mixed with the CT state. The a603 distribution (green) displays three maxima reflecting its mixing with the a609 and CT states. The CT distribution (blue) has two maxima due to its mixing with a603. The blue-shifted a609 site is mixed to a lesser extent with the a603 and CT states, as reflected by relatively weak maxima near 685 and 720 nm (red curve). The a602 site (magenta) is predominantly localized (due to relatively weak coupling with a603).
Comparing the pigment participations with the density of exciton states, we conclude that the states k = 4 and 9 are determined mostly by contributions from a602 and a609, respectively, whereas the states k = 1 and 3 are delocalized and contain a mixing of the a603, a608, and CT state (as we have also shown in Fig. 5) .
The pigments from the trimer a610-611-612 give a distribution with two maxima due to strong coupling between a611 and a612 superimposed with some coherent admixture of a610 (Fig. 6b) . These pigments contribute to the states k = 5, 6, 8, 9, and 10 (depending on the disorder). Fig. 4 Exciton structure of the WT Lhca4 absorption. The calculated OD spectrum (thick yellow line) is shown together with the 13 exciton components averaged over disorder (thin lines). The points show the distribution of the dipole strengths vs. ZPL positions for 2500 realizations of the disorder (dipole strengths for different exciton components are shown in the same colors as the absorption profiles of the corresponding components). The site energies correspond to the E2 set from Table 2 . Fig. 4) . Participation of the pigments in these states is averaged over disorder. Calculation is done with the same site energies as in Fig. 4, i. e. with the E2 set from Table 2 . Fig. 6c shows the participation of the Chls a from the luminal side, including the localized a604 site and the dimer a613-614. Notice that the intra-dimer coupling is relatively strong (see Table 1 ), but the red-shifting of a613 breaks the mixing of the two sites. As a result, instead of a distribution with two maxima (corresponding to the strongly mixed limit) we observe only weak shoulders in the a613 and a614 distributions. The a613 contributes mostly to the k = 2 state, whereas a614 and a604 contribute to the states k = 5-7 depending on the disorder.
In the b-region there are three sites, i.e. b606-607-608 participating in the states k = 10, 11, and 12, respectively. Notice that the distributions of the b606 and b607 participations are closer to each other than the distributions of the k = 12 and 13 states, reflecting some exciton mixing within the b606-607 dimer with a moderate coupling.
Discussion and conclusions
The most intriguing feature of the Lhca4 complex is connected with the CT character of the lowest absorption band, where the degree of the exciton-CT mixing is probably the largest among all known antenna complexes and reaction centers (RCs). Consequently, the main challenge in explaining the functioning of the complex is the choice of an adequate physical model for the coupling between excited states and CT states.
The exciton-CT mixing was studied theoretically for bacterial RCs, [42] [43] [44] [45] [46] for the PSI-core, 47 and for the isolated RC of photosystem II (PSII-RC). 35 In order to reproduce the details of the lineshape, a quite sophisticated treatment is needed, where a nontrivial interplay between the electronic and nuclear degrees of freedom is included explicitly. 45, 46 But these models are restricted to linear spectral responses. In a more simple approach, based on modified Redfield theory, the exciton-CT mixing is treated in the basis of pure electronic states, and the resulting eigenstates are then dressed by phonon lineshapes (including broadening and reorganization shifts depending on the wavefunctions of the mixed eigenstates). 35 Such an approach is convenient in the calculation of steady-state (SA) and time-resolved nonlinear responses (transient absorption (TA), two-dimensional electronic spectroscopy (2DES)). In a series of recent papers this approach was successfully used in modeling relaxation and charge separation dynamics in PSII-RC. [48] [49] [50] [51] The same approach is used in the present study of Lhca4, where the exciton-CT mixing produces the same features as in the PSII-RC (red tail of the absorption, FL shift/broadening, and increased SA peaks on the red). However, in the case of Lhca4, all these effects are much more pronounced. The degree of exciton-CT mixing in Lhca4 is really huge. Thus, the red-most CT state borrows on average 44% of the total dipole strength of the a603-609 dimer, i.e. 14 D 2 , which is 0.87 of the monomeric Chl a dipole strength. This is close to the result of fluorescence studies of Lhca4, yielding an emitting dipole strength for the red state of 0.64-0.84 (in monomeric units), suggesting a strong mixing between the excited and CT states. 52 For comparison, in the PSII-RC the lowest CT state borrows about 4.9 D 2 corresponding to an emitting dipole strength of 0.3 in monomeric units. 35 Another manifestation of the exciton-CT mixing is the enhanced phonon coupling of the red state. To account for the spectral properties of the red state we have to assume a 3.2 times increased Huang-Rhys factor for the CT state, i.e. S = 2.7. This value is close to the result of hole-burning studies, giving S = 2.9, which is the largest Huang-Rhys factor found for any photosynthetic antenna system. 19 Our modeling confirms a commonly used assumption that the CT states are more strongly coupled to the environmental degrees of freedom due to an additional Coulomb term (appearing due to the huge static dipole interacting with the surrounding charged environment). 35, [45] [46] [47] 53 In our fit the coupling to phonons and the disorder value for CT state are increased by a factor of 3.2 and 1.5, respectively. Without such scaling it is impossible to explain the red shift and broadening of FL and the shape of SA.
The most frustrating result of our modeling is connected with the discrepancy in fitting the red tail of the LD spectrum in the presence of the CT state. This means that although we can reproduce the dipole strength of the red state (necessary to explain its isotropic absorption and emitting properties), we still cannot correctly describe the observed LD on the red. For some configurations it is possible to obtain the LD shoulder with the same relative amplitude as in OD, but this amplitude is still smaller than the measured one (in addition, the other LD bands are not well fitted in this case). Generally, the difference in the LD spectrum with and without the CT state is given by the details of the mixing within the a602-603-609-CT cluster with some small contribution from the a610-611-612 sites. Mixing in a pure electronic basis (that we are dealing with in the modified Redfield picture) produces a superposition of the ZPLs with the weights given by the couplings and energy gaps between the states. For example, the CT state will be mixed mostly with the a603 ZPL that is closer than the a609 ZPL (as shown in Fig. 4) . A more realistic picture may include a mixing of the electron-vibrational states with different displacements along the nuclear coordinates (an example of such a picture was developed recently for a reduced model of the PSII-RC 54 ). In this case the mixing of vibrational sublevels of lower states with ZPLs of higher states can strongly change the exciton structure (changing the delocalization of the states and producing additional states by splitting of ZPLs). For example, the vibrational satellites of the CT state (that are in quasi-resonance with the higher sites, including a602, 603, 609, 610, 612) can dramatically increase the character of mixing of the CT state with these states, thus changing the whole LD and, in particular changing (increasing) the relative amplitude of LD in the red. In the near future we will further develop this model to include complex structures as Lhca4.
Besides the simplified approach to the exciton-CT mixing, our results can be affected by other shortcomings of the modified Redfield theory (connected with secular and Markovian approximations and perturbative treatment of the off-diagonal system-bath coupling). The secular approximation results in too fast transfer rates between weakly coupled isoenergetic states, as was demonstrated by comparing with the exact hierarchical equation of motion (HEOM) method. 55 We have also seen that the lineshapes for a real antenna systems are different in the modified Redfield and HEOM. 55 Recently it was shown that a non-Markovian theory for the off-diagonal fluctuations, termed complex time dependent Redfield theory, 56 gives more accurate lineshapes (noticeably closer to the exact HEOM shapes) than the modified Redfield. Obviously, a nonperturbative approach like HEOM is the best solution to the problem, but in contrast to Redfield this method is suitable only for small systems with a simple spectral density. Notice in this respect that recently a nonperturbative stochastic path integral method has been developed, 57 where an arbitrary spectral density can be used.
As a good alternative to numerically expensive nonperturbative methods the hybrid cumulant expansion method has been proposed, 58 although perturbative, but still capable of generating reliable spectra and transfer rates. In this paper we did not model the excitation dynamics of the complex. Obviously, for a large part these dynamics are expected to be very similar to those of LHCII. For example one can expect the same sub-ps Chl b-Chl a conversion, the same dynamics on the lumenal side, and similar (about 10 ps) times of equilibration between the stromal-side and luminal-side pigments. 38 Population of the red-most CT state is expected to be fast due to strong exciton-CT mixing (implying fast exciton-type relaxation from the excited states). But equilibration in the red region will also contain the slow components, because the two lowest states (k = 1 and 2) are localized on the pigments from the stromal (a603-CT) and lumenal (a613) sides, respectively. Notice in this respect that earlier experimental studies revealed a slow (5 ps) component involving red pigments. [59] [60] [61] According to present modeling we can assign this component to transfer from the k = 2 state (localized at a613) to the red-most k = 1 a603-CT state.
Another fundamental difference between Lhca4 and LHCII is connected with the localization of excitation after equilibrium. In Lhca4 the a610-611-612 trimer is no longer the reddest (and most populated), in contrast to LHCII. The equilibrated excitations are now localized at a603/CT and a613, i.e. at the opposite (to the a610-611-612 trimer) side, that is closer to the PSI core. The most populated a603/CT state is located close to the linker Chls within LHCI.
We conclude that the Lhca4 complex is a nice example of how the exciton-CT mixing can be used to control the spectral properties of plant LHCs in order to optimize light-harvesting by creating directed energy transfers.
